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Backgr ound

The pollutants of interest fromthe |arge spark-ignition
(LSI') category of engines are oxides of nitrogen (NOx, nmostly NO
and NG,), non nethane hydrocarbons (NVHCs, for the purposes of
this docunent the sane as hydrocarbons or HCs), and carbon
nmonoxi de (CO . The theory of formation of these pollutants is
fairly well understood, nostly as a result of decades of research
on autonotive em ssions. An underlying prem se of the LSI
regul atory effort is that such autonotive know edge and
technology is readily transferred to engines in the LSI category.

A Exi sting Engi ne Design Characteristics

The LSI engine category consists exclusively of four-stroke
cycle engines, but it enconpasses a w de variety of engine
characteristics. The power ranges fromnore than 25 hor sepower
to several hundred. Displacenents range from about one liter to
nore than seven liters. However, two of the nost significant
di stingui shing characteristics are cooling nediumand fuel.

1. Wat er - Cool ed

Wat er-cool ed engines utilize a water jacket surrounding the
cylinder and other vital engine |locations to circul ate cool ant
(usually a water and antifreeze m xture) for the renoval of
excess heat of conbustion fromthose |ocations. The coolant is
circul ated through the engine via an engi ne-driven punp, and is
then routed to a radi ator where the heat is transferred to the
anbient air. The coolant is then routed back into the water
j acket where it picks up nore heat to repeat the process.

One advantage of water cooling relative to air cooling is
the ability to maintain nore spatially uniformand constant
tenperatures in critical engine locations. This allows tighter
cl earances between noving parts w thout danger of seizing or
ot herw se damagi ng the engine. Tighter piston-to-cylinder wall
cl earances provide better oil control to reduce oil consunption,
and better conbustion gas sealing for reduced oil contam nation
and hi gher engine efficiency (better sealing and oil control also
| ead to reduced HC emi ssions). Water cooling also allows placing
the engine in nore confined |ocations with the radiator openly
| ocated in a nore renote | ocation for exposure to cooling air.

D sadvant ages of water cooling primarily consist of the
excess wei ght, conplexity and mai nt enance i nvol ved. Radiators
and cool ant punps add significantly to the cost and wei ght of the
engi ne package and are vul nerable to damage and subject to
corrosion if not properly maintained. Coolant hoses between
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engi ne and radi ator are al so subject to deterioration and damage
w th subsequent catastrophic |loss of coolant. |Internal engine
cool ant | eaks through faulty or danaged gaskets can contam nate
engine oil or hydraulically lock up an engi ne, causing major
damage.

2. Ai r - Cool ed

In principle, air cooling results in a nuch sinpler and nore
robust engine design than water cooling. High tenperature engine
parts, such as cylinder heads and cylinders, are manufactured
with large external fins that serve to increase the surface area
for transfer of heat to the surrounding air. Air is forced past
and over these fins, either by use of a fan powered by the engi ne
or sinply through the notion of the vehicle through the
surrounding air. Shrouding is often used to further guide and
control the air flow over critical engine surfaces.

Advant ages of air cooling over water cooling include the
reduced cost and conplexity due to the | ack of a radiator,
cooling jackets, coolant hoses, etc. Air cooled engines are | ess
sensitive to the sort of damage that woul d cause a cool ant | eak
in water-cooled engines. Finally, air cool ed engi nes can
di spense with the mai ntenance required to maintain a liquid
cooling system such as radiator flushing and cool ant changes.

The primary di sadvantage of air cooling is the difficulty in
mai ntai ning uni formtenperatures of critical conponents, with the
resul ti ng design and manufacturing conprom ses that nust be nade.
For exanple, w thout uniformtenperature control around the
entire circunference of an engine cylinder, thermal expansion of
the piston and cylinder and the resultant piston-to-cylinder
cl earances wll not be uniform This can result in oil control
probl ens and hi gh conbusti on gas bl owby, or even engi ne sei zure.
Non-uni form tenperatures can al so be the cause of head gasket
| eakage and fail ure.

O her di sadvantages include the need for an open engine
| ocation for adequate air flow, the need to keep the engine
driven fan and shrouding clean and free of obstructions, and the
sensitivity of engine tenperature to anbient tenperature
conditions. (Anbient tenperature sensitivity for |iquid-cooled
engines is greatly reduced through the use of a thernostat to
nodul ate cool ant flow through the radiator.) Mst inportantly
for em ssion control purposes, especially for ol der engi ne
desi gns, an excessively rich fuel mxture is often used to keep
conbustion chanber tenperatures | ow enough to avoid negatively
i npacting engine life. This is particularly true in terns of
val ve and piston life. However, this problemcan probably be
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overcone through the use of nore nodern conbusti on chanber
materi al s and desi gn techni ques.

3. Val ve Pl acenment

Sone ol der engine designs utilize side valves (often called
fl athead, val ve-in-block or L-head engines) as conpared to nore
nmoder n over head val ve (OHV) designs. Side valve designs have
several advantages, including sinplified valve trains (no
pushrods and rocker arns or conpl ex overhead cam nechani sns),
sinplified cylinder heads (no noving parts in the head, no
critical head cooling requirenents, etc.) and so forth. Side
val ve designs al so have severe drawbacks such as |ocating the hot
exhaust port inmmediately next to the cylinder (with the
acconpanying thermal distortion to the cylinder), long burn tines
(wth related conbustion stability problens), |arger conbustion
chanber surface area (wWwth greater heat transfer |osses and
| arger quench area), reduced volunetric efficiency, etc. Many of
t hese factors conbine to cause side val ve engines to have
i nherently high em ssion |levels, particularly for HCs.

Because of the performance advant ages of overhead val ve
desi gns, they have dom nated nost areas of the interna
conbustion engine market for several decades. However, side
val ve engines still exist in the smaller engine arena because of
their low cost of manufacture and the previous | ack of concern
about their relatively limted performance and hi gher em ssions
(i.e., there has been little incentive to update their design).
Nevert hel ess, based on current testing (see discussion of Engine
E tests results in Section Ill, below) staff believes there are
no i nsurnountabl e technical problenms involved in significantly
reduci ng em ssions from side val ve engines to neet these
regul ati ons.

4. Fuel

The primary fuels used for LSI engines are |iquefied
petrol eum gas (LPG consisting nostly of propane with sone
propene, butane and other trace HCs) and gasoli ne. A smal |
nunber are fueled by conpressed natural gas (CNG consisting
nostly of nmethane), and sonme have a dual fuel (operator
swi t chabl e between gasoline or LPG capability.

LPG and, to a nmuch smaller extent, CNG are used largely for
i ndoor operation of fork lifts and simlar equi pnment, due to
their tendency to formsignificantly lower |evels of CO than
gasol ine operation. The California Departnent of Industrial
Rel ations (DIR), as part of the California Cccupational Safety
and Heal th program (Cal OSHA) has set standards and regul ati ons
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for the maxi mum al | owabl e i ndoor | evels of worker exposure for CO
and NO,, as well as maxi mum engi ne tail pi pe exhaust CO
concentration standards (see discussion below). Many indoor

equi pnent operators use LPG fuel to address these CO requirenents
and concerns. Approxinmately 80 percent of all engine-powered
forklifts sold are LPG fuel ed.

O her advantages of LPG include: easier and safer storage
t han gasoline due to the use of robust, sealed containers and due
to its dissipative gaseous nature; the storage pressure of about
120 to 170 psi makes the containers easy to fill at any one of
numerous | ocations, relative to CNG it generally has a higher
octane rating than gasoline (though LSI engines are sel dom
designed to utilize the higher octane); and it has the potenti al
for lower lifetime fuel costs than gasoline. |In addition, LPG
and its conbustion products have much | ower ozone-produci ng
reactivity than gasoline and its products. Finally, in many
areas, fueling services can be hired which deliver LPG fuel tanks
to the user's site, and renove the enpties, with | arge potenti al
savi ngs since the need for on-site bul k storage and vehicle tank
filling facilities is renoved.

D sadvant ages of LPG as a vehicle fuel include significant
time-to-tine and | ocation-to-location variations in fuel
conposition. Such non-standardi zed fuel conposition nmakes it
difficult for engine manufacturers to optim ze designs for engine
and em ssion control capability and durability. 1In an effort to
address this problem California regulations currently require
that the propene content of LPGto be used as a notor fuel should
be limted to 10% maximum wth a further reduction to 5% in
January 1999. (Excess propene content is known to reduce the
octane rating of the fuel and is suspected of increasing gum
deposits on engi ne and fuel system conponents. Related test
prograns are currently underway to investigate and quantify such
effects on engine and em ssions performance.) Limts on other
constituents such as water are also included. These regul ations
are a significant step toward addressing the LPG fuel conposition
issue in California. Unfortunately, simlar restrictions on LPG
fuel content do not exist in states outside California, which
could force manufacturers to either design separate California
and 49-state engine nodels, or forego many of the benefits of
California' s fuel conposition requirenents.



O her di sadvantages of LPG include poor cold weat her
operational characteristics, weight of fuel cylinders during
repl acenent/refueling operations, and poor intake val ve and
conmbustion chanber cooling capability.

As nentioned, CNG fuel ed engi nes and vehicl es have | ower CO
form ng potential than gasoline, and since the fuel and the
exhaust hydrocarbons are nostly nethane, the ozone form ng
reactivity is extrenely Iow. However, CNG requires high
pressures (about 3,000 psi) to obtain reasonable volunetric
energy density. These pressures in turn require expensive high
pressure storage tanks, high pressure conpressor fueling
facilities, and high pressure plunbing and regul ators on the
engi ne and vehicle. Also, the relatively small anount of CNG
contained in onboard fuel tanks |eads to short vehicle run tines
bet ween refueling, wth consequent inpact on productivity. For
t hese and ot her reasons, CNG has not made significant inroads
into the LSI market and will not be further addressed in this
docunent .

Gasoline, primarily because of its wide availability and
famliarity in autonotive use, is widely used as a fuel in the
LSl category. |It's advantages include ready fuel availability,
hi gh energy density, and ready use of commonly avail abl e engi ne
and fuel -delivery conmponents. D sadvantages of gasoline include
its high flammability, its spillable liquid form (doesn't
dissipate froma leak as readily as the gaseous fuels), the toxic
nature of sone of its conponents (e.g., benzene), and the high
phot ochem cal reactivity of gasoline vapors and exhaust products.
In addition, nuch attention is currently being paid to
contam nati on of groundwater from | eaking underground storage
tanks (USTs), with many owners of such tanks being required to
dig themup and replace themw th nore | eak-resistant facilities
at significant expense. Many users of LSI equi pnment see LPG as a
way of avoiding the UST problemand liability.

The typical dual-fueled vehicle is capable of swtching
bet ween operation on gasoline and LPG upon operator demand. This
capability is quite advantageous in cold weather applications as
t he engi ne can be started and warnmed on gasoline, and then
switched to LPG when the engine is sufficiently warmed. Dual -
fuel ed engines are also desirable in the rental market, when one
renter prefers gasoline operation and the next renter wants to
run on LPG



B. Fuel Delivery

Dependi ng on the fuel, the fuel delivery systemon the
engi ne or vehicle can be quite conpl ex.

1. Gasol i ne Systens

Typically, gasoline engines use sinple float-type
carburetors with fuel storage tanks made of sheet netal or
pl astic. These systens have the advantages of being sinple and
robust, and cheap to manufacture and maintain. By far, the |arge
majority of these systens utilize an open-loop control approach,
with the carburetor relying on the manufacturer's calibration to
function sufficiently well over a wide variety of operating
condi ti ons.

Unfortunately, sinple carburetion cannot adequately control
the typical engine's fuel-air ratio for proper em ssions control,
especially when coupled with three-way catal ytic (TWO
converters. Carburetors also have the tendency to |l ose their
calibration, with m xture ratios becom ng progressively richer as
the noving and netering parts of the carburetor wear. Sone
forklift manufacturers have devel oped cl osed-1oop control
systens, sonme with carburetors and sone with autonotive-style
fuel injection, but only for use in special applications where CO
and ot her pollutant em ssions nust be held to an absol ute
m ni mum These manufacturers report that the market demand for
such systens has been quite small (on the order of one or two per
year), and that there is a significant purchase price prem um
associated wwth themdue to this exceedingly | ow production
vol une.

2. LPG Syst ens

LPG use requires a pressure storage vessel, a pressure
regul ator, a heat exchanger (using engine cool ant as the heat
source) and sone sort of fuel-air mxer. LPGis typically stored
at about 130 to 170 psi, where it remains liquid at normal
anbi ent tenperatures. Mintaining a liquid state for storage
provi des volunetric energy density roughly conparable to that of
gasoline. The pressure regul ator and heat exchanger conbine to
change the liquid LPG to a vapor at the desired pressure and
tenperature for use in the engine.

The m xer typically consists of a diaphragm exposed to the
engine intake air stream attached to a needle and orifice
assenbly. The di aphragm responds to changes i n engi ne intake
vacuum (which in turn is controlled by engine |load and throttle
setting), raising and lowering the needle to finely adjust the
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anount of LPGthat is admtted to and m xed wth the engine
i ntake air.

Agai n, such an open-loop systemis inadequate for precise
fuel-air ratio control. Therefore, sone conponent nmanufacturers,
such as Inpco and Engine Control Systens Ltd., have devel oped
cl osed-1 oop systens which utilize an oxygen sensor and conputer
to nodul ate the vacuum applied to the di aphragm and thus nore
precisely control the m xture ratio. However, there are sone
i ndi cations that these systens can have a slow transient response
and can negatively inpact the operability characteristics of the
engine. Sone attenpts have been nmade to utilize gaseous fuel
injectors in closed-1oop systens, which could significantly
reduce any operability problenms. At present, such injectors are
expensive due primarily to their |ow production volunes, but the
costs could be reduced with sufficient demand in a way anal ogous
to the changeover of on-road vehicles fromcarburetors to fue
i nj ection.

C. Gover nors

To nodi fy an engine's torque and horsepower vs. speed curves
to fit a particular application, manufacturers typically resort
to the use of sonme type of governor. Governors are also used to
derate an engine to a | ower power |evel, typically by limting
the engine's top speed. Finally, in many applications, a
governor is used to maintain a set engine speed in operation,
regardl ess of changes in the engine's |oad.

There are three main types of governor: nechanical (usually
based on the centrifugal effects of rotating weights driven by
t he engi ne crankshaft), pneumatic, and electronic. Electronic
governors are the nost sophisticated and are readily incorporated
in electronic engine controls used with closed-1oop fuel systens.
In fact, for engines already utilizing such electronic fuel
delivery systens, electronic governor use requires |less hardware
t han ot her governor systens and can therefore result in a cost
savings to the manufacturer.

A maj or issue surrounding the subject of governors results
fromtheir nodifications to engi ne power and torque curves.
Since nost test cycles define key paraneters in terns of rated
power, torque and speed, or percentages of those quantities, the
same engine with different types of governor or governor settings
could require many different sets of certification tests and
applications. This subject is discussed further in the test
cycl e section, bel ow



D. El ectric Vehicles and Equi pnent

Many types of equipnent that are included in the LSI
category when powered by gasoline or LPG engines are al so
available in electrically-powered versions. Such
el ectrically-powered equi pnent in operation has zero |evels for
em ssions of any of the pollutants of concern. Mst such
equi pnrent is used in indoor materials handling applications, such
as electric forklifts for indoor applications where CO em ssions
nmust be absolutely m nimzed (warehouse type buil ding supply
stores are good exanples.) Electric forklifts are avail able from
several forklift manufacturers, such as Toyota, N ssan, C ark,
Crown, and others. As another exanple, Taylor-Dunn Manufacturing
Conpany makes and sells burden carriers and utility vehicles to
the U S. Postal Service, anong ot her custoners. And because of
air quality concerns, many airlines utilize electric ground
support equi pnent (for |uggage handling, etc.) at various
ai rports.

El ectrical |l y- powered vehicles and equi pnent utilize |arge
battery packs, typically of deep discharge |ead-acid design, to
provi de the power for equi pnent operation. The batteries nust be
recharged periodically and, unless of the maintenance free
variety, water |evels need to be nonitored and nai nt ai ned.
Charging facilities nust also be provided with proper ventilation
to avoi d expl osi ve hydrogen gas buil dup. Battery packs can wei gh
as much as one to three thousand pounds dependi ng on application,
and require special equipnent for handling. (Usually a major
probl emin vehicul ar applications, such heavy wei ghts can
actual |y be advantageous for equi pnent |ike counterbal anced
forklifts.) For nost working applications, battery packs
generally are sized to allow operation for a conplete 8 hour
shift on one charge. Endurance in sone applications may be |ess,
dependi ng on duty cycle and ot her factors.

Upon battery exhaustion, and dependi ng on the equi pnent and
its design, the equi pnment can either be renoved from service
during the recharge period or the battery pack can be exchanged
for a fully-charged pack. In this way, the equipnment can be kept
operating continually, in use with one battery pack while anot her
is being charged back to full capacity. Proper design mnimzes
t he exchange process tinme to just a few mnutes, utilizing
gui ck-di sconnect el ectrical connectors and sliding/rolling
battery hol ders and other specialized accessories. Battery pack
costs can anount to about 10 percent to 15 percent of the total
equi pnent cost, and nost operators obtain at |east one additional
pack to allow nmulti-shift operation



The El ectric Power Research Institute (EPRI) is currently
devel oping a fast charger systemthat can greatly reduce the tine
required for battery charging. For exanple, the typical forklift
battery pack requires approximtely 8 hours to recharge with
conventional chargers. The new EPRI fast charger can bring the
sane pack to full charge in about one half hour, though it woul d
periodically require a one to two hour equalization charge. The
proj ected cost of the fast charger is about $25,6000, but for a
| arge enough fleet this could be nore than offset by reduction of
the need to procure extra battery packs to extend vehicle
operation tine.

A maj or advantage of electrically-powered equi pnment is that
they typically require far | ess maintenance than conparable LSI
power ed equi pnent since they do not require oil changes, spark
pl ug replacenent, etc. 1In addition, electric equi pnment
powertrain conponents are inherently nore reliable, and fuel
costs are drastically reduced. Based on conversations with
Sacranento-area forklift dealers, these factors generally result
in reduced total life cycle costs. Electric equipnent is also
invariably quieter than its engi ne powered counterpart.

Di sadvant ages of el ectric-powered equi pnent include reduced
work capacity. For exanple, nost electric forklift manufacturers
only make their products available wwth up to about a 6,000 pound
l[ift capacity, while engine powered nodels with capacities of 3
tinmes that or nore are available. Electric equipnent also is
usual ly slower, has slower |lift speeds and does not operate as
wel | on steep ranps and sl opes. However, further devel opnent
work continues to extend the capabilities of electrically-powered
i ndustrial equi pnent.

Popul ation data for 1995 indicate that there were over
41,000 ride-on type electric-powered forklifts in operation in
California in that year. At the same tine there were over 50, 000
gasoline- and LPG fueled forklifts in use in the state. This
information indicates that electric forklifts are comonly
accepted as havi ng adequate perfornmance, and that a significant
portion of the state's forklift popul ation can already be
consi dered zero-em ssion, greatly reducing the inpact of this
category of equi pnment on air quality.

E. Cal / OSHA

The Federal Occupational Safety and Health Act of 1970
contains provisions allowmng California to admnister its own
wor kpl ace safety and health program As previously noted,
California's programis called Cal OSHA and is adm nistered by the
state's Departnent of Industrial Relations (DIR). O particular
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interest are the requirenments and regul ati ons Cal OSHA has
established to safeguard workers from harnful exposure to engine
exhaust and its conmponents. A primary regul ation of concern
regards worker exposure to several airborne contam nants,

i ncl udi ng such exhaust em ssion conponents as CO and NGO,

(Title 8, California Code of Regul ations, 85155). Cal OSHA al so
has standards placing limts on engi ne exhaust em ssion
concentrations of CO and the test procedure to be used for CO
nmeasurenent (Title 8, California Code of Regul ations, 85146).

Pl ease note that the Cal OSHA standards are intended to
provi de protection to workers from harnful exhaust substances in
the i nmmedi ate work environnent. |In contrast, the proposed ARB
regul ations are ained at the control of air quality for the
general public over large urban areas significantly beyond the
i mredi ate source of the em ssions. These different goals
necessitate sone differences in regulatory design and
i npl enmentation. For exanple, ARB typically requires routine
testing of new engi ne designs and in-use engines to denonstrate
whet her they neet regulatory requirenents. In contrast, DR
procedure is to require engine testing for CO em ssions beyond
their standards only when there is other evidence of a problem
such as excessive anbient COlevels in a facility operating the
engi ne in question.

Staff has di scussed the proposed LSI regulations with DIR
personnel in order to coordinate and avoid conflicts with
exi sting Cal OSHA requirenents. At present, ARB staff and D R
staff agree that no conflict exists and that, in fact, the ARB
regul ati ons should significantly reduce worker exposure to
har nf ul exhaust em ssi ons.

F. Underwiters Laboratories

Underwiters Laboratories is a not-for-profit corporation
whose reputation for certifying the safety of nmachinery,
equi pnent and consuner products is known worldw de. UL
certification of a product signifies that it has been tested and
determ ned to neet applicable standards intended to safeguard
personnel agai nst exposure to such hazards as el ectrical shock,
fire, excessively high surface tenperatures, etc.

Several equi pnent manufacturers have informed staff that
their custoners expect the equi pnent they purchase to be UL
approved. These manufacturers express concern that the presence
of catalytic converters could make it difficult to neet UL
requirenents for fire safety and safety from exposure to high
tenperature surfaces. They al so express concern about the
expense of conducting the tests required by UL.
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Staff has discussed this issue with UL personnel. Catalytic
converter certification would be covered under standard UL 558.
According to UL, this standard is concerned with limting the
surface tenperatures of vehicle or equipnment conponents | ocated
adj acent to a nuffler or catalytic converter, and al so considers
the converter's structural capability to contain backfire
pressures, etc. This can be done directly through test of a
converter as installed in the vehicle for which certification is
sought.

Anot her way of obtaining UL approval is through a conponent
approach. The catalytic converter manufacturer can ask for and
obtain UL approval for use of a catalyst in a reference
installation. The reference installation usually represents a
wor st case scenario in terns of engine size, converter proximty
to sensitive surfaces, etc. The conponent approval process would
then consist of testing for tenperatures, capability to sustain
backfire pressures, and so forth, in that reference installation.
The equi prment manufacturer would then need to showto UL's
satisfaction that it is using that catalytic converter in an
application simlar to the reference installation or in an
i nherently safer configuration, as determ ned by engi neering
evaluation. In this way, actual converter testing for UL
approval is mnimzed, and the costs and responsibility of
obt ai ni ng such approval are shared between the equi pnent
manuf acturer and the converter manufacturer. Catalytic converter
manuf act urers have expressed the belief that use of a conponent
approval process will mnimze the costs of obtaining UL
approval .

1. Emssion Control Techni ques

SIP Measures ML1 and ML2 provide the incentive for the LSI
regul ations. They assune that the application of proven
aut onotive em ssion control technol ogy, and in sone cases
of f-the-shel f hardware, should be adequate to drastically reduce
LSI em ssions.

As previously noted, spark ignition engines emt three mjor
pollutants. NOx fornms in the conbustion process through the
conbi nati on of nitrogen and oxygen, both supplied by the intake
air, under conditions of high tenperature. |In general, an
i ndi vidual engine's NOx em ssions increase with increasing engine
| oad but tend to be quite low at idle. NOx formation peaks near
the stoichionmetric fuel-air ratio and decreases with rich
m xtures (insufficient oxygen present) and | ean m xtures
(decreased conbustion tenperatures). Designing for reduced NOx
formati on i nvol ves reduci ng the peak conbustion tenperatures
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present, reducing the time available for NOx formation, or sone
conbi nati on of both.

HC em ssions result primarily fromthe inconplete conbustion
of fuel in the conbustion chanber. |In the extrenme case, this
results frommsfire when the ignition systemconpletely fails to
ignite the fuel-air m xture near the beginning of the power
stroke, and all of the unburned charge escapes to the exhaust
system on the exhaust stroke. More usually, sone small portion
of the mxture fails to burn conpletely even after ignition has
comrenced properly. This usually results fromHCs |ocated in the
pi ston ring clearance voids, HCs adsorbed into the engine oi
filmon the conmbustion chanber walls or adsorbed onto chanber
deposits, or sinply froma portion of the mxture located in the
thin quench zone i medi ately adjacent to the chanber walls. Poor
conbustion quality, due to reduced bul k gas tenperature and fl ane
speed under sone operating conditions (idle or excessively high
exhaust gas recirculation (EGR) dilution) can al so quench
portions of the flame front before it has reached the conbustion
chanber walls. Finally, as in the case of sone LSl engi nes, poor
m xture control (or, as in the case of sone ol der engines,
deli berately rich calibration for purposes of reduced conbustion
tenperatures) results in excessively rich mxtures where there is
i nsufficient oxygen in the conbustion chanber to oxidize all of
the avail able HC nolecules. Al of these nmechanisns result in HC
em ssions in the exhaust.

CO em ssions result fromthe partial oxidation of
hydr ocar bon nol ecul es. Instead of conmbining with two atons of
oxygen to create carbon dioxide (CQO), a carbon atomis only able
to conbine with one atom of oxygen. H gh CO em ssions al nost
al ways occur due to an excessively rich m xture, when
insufficient oxygen is present to conpletely oxidize the carbon

to CO.,.

The engi ne designer's job in reducing engi ne-out em ssions
(1.e., as emtted by the engine before aftertreatnent by devices
such as a catalytic converter) of all three pollutants is
conplicated due to the NOx-HC tradeoff. In essence, this neans
that the conditions that reduce one of these pollutants also
result in the increase of the other. For exanple, high
tenperatures and high residence tinme would be ideal for nore
conpl ete oxidation of hydrocarbons but they are also precisely
the conditions for the formati on of NOx em ssions.

However, sone aftertreatnent devices can function w thout
this tradeoff, the prinme exanple being the three-way catal ytic
converter. This and other em ssion control technologies are
di scussed bel ow.
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A Cl osed- Loop Fuel Delivery

Probably the nost direct way to reduce HC em ssions from LSl
engi nes woul d be through the use of nore precise and consi stent
fuel-air ratio control. Both the gasoline and LPG carburetors
and m xers used on many LS|l engines, especially the smaller
di spl acenents, are quite rudinentary. They are adequate in terns
of allowi ng the engine to operate and provi de power
satisfactorily, but they cannot provide the constant and precise
m xture ratio control needed under all operating conditions to
avoi d periods of excessively rich mxtures. This can result in
hi gh HC and CO em ssions. Autonotive-type cl osed-1oop controls,
utilizing an exhaust gas oxygen sensor and an el ectronic control
unit (ECU) to control a special carburetor or fuel injection
system can elimnate rich m xture excursions under nost
operating conditions. However, due to the NOx-HC tradeoff
phenonmenon, controlling HC em ssions by | eaning excessively rich
m xtures usually results in increases in NOx em ssions.

As di scussed bel ow, precise mxture control is needed to
mai ntain the near-stoichionmetric m xture necessary for proper
t hree-way catal yst operation. |ndeed, in autonotive use,
cl osed-1oop control is only partly an em ssion control end in
itself, but its main purpose is to allow the major em ssion
reducti ons possible with advanced catal ysts.

B. Cl osed Crankcase

Anot her source of HC em ssions results fromthe rel ease of
crankcase gases to the atnosphere. These gases result primarily
fromcylinder intake and conbustion gases passing the piston ring
assenblies into the crankcase (bl owby) on the conpressi on and
power strokes. Crankcase gases also contain lubricating oil and
its conmponents, in vapor and droplet form Reduction of crankcase
em ssions was one of the earliest autonotive em ssion controls
used in production. The primary approach is the use of positive
crankcase ventilation (PCV). PCV requires the sealing of the
crankcase fromthe anmbient air except for a filtered air inlet,
and an exit to the carburetor or intake nmanifold bel ow the
throttle plate. Wen the engine is running, manifold vacuumis
applied to reduce the crankcase pressure bel ow at nospheric, thus
drawi ng the crankcase gases into the intake systemand then into
t he engi ne conbustion chanbers to be burned. Fresh outside air
is drawn into the crankcase through the filtered inlet.

C. Timng Retard

An early approach to NOx control involves retarding the
ignition timng. Retarding the spark tim ng neans that nore of
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t he conbustion occurs later in the expansion portion of the power
stroke than woul d have occurred if the spark was tinmed for peak
power. This in turn results in |lower burned gas tenperatures and
pressures and therefore ower NOx formation in the conbustion
chanber. Unfortunately, retarded timng also results in reduced
power and reduced thermal efficiency. The inpact on performance
and fuel econony can be severe and places a practical limt on
how much NOx reduction can be achieved through this nethod.

D. Exhaust Gas Recircul ati on

ECGR invol ves the recycling of a small portion of the exhaust
gases into the engine intake and thus into the conbustion
chanmber. This dilution of the incomng fuel-air charge provides
inert thermal mass to absorb conbustion heat and thus reduce
conbusti on chanber tenperatures bel ow maxi mum NOx formation
| evel s. Proper calibration is necessary since excessive EGR
| eads to reduced flanme speeds and therefore reduced conbustion
stability. The | ower conbustion tenperatures can also lead to
i ncreased HC em ssions due to reduced burnup. But, if carefully
applied, EGR can provide significant NOx reductions with m ni ma
i npact on performance, fuel econony or other em ssions.

E. Catal ytic Converters

The catalytic converter is the primary technol ogy
responsi ble for the incredible inprovenents in autonotive
em ssion control over the past two to three decades. |I|ndeed, due
largely to the catal ytic converter, ozone-form ng em ssions from
a nodern autonobile are |l ess than about 10% of the | evels of an
uncontrol |l ed vehicle of the 1960s, with inproved driveability and
fuel econony as an added bonus. The typical nodern autonotive
catal ytic converter consists of an active catalytic materi al
(usually one or nore noble netals such as platinum palladium or
rhodi um applied as a washcoat to a substrate (usually ceramc or
metal ), surrounded by a mat and placed in a housing ("can") which
al so acts to direct the exhaust flow over the active material so
as to maxi m ze surface exposure. The two mmjor types of
converters are described bel ow. Staff expects that three-way
catal yst technology will be the approach used to neet the
proposed LSI engi ne standards.

1. Oxi dation Catal ysts

The first catal ysts widely used on production autonobiles
were oxidation catalysts, introduced in the md-1970s. They are
designed to oxidize HCs and COto water and CO,. They require
excess oxygen in the exhaust stream which is usually provided by
an engine-driven air punp or an exhaust reed val ve system
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Oxi dation catal ysts are not extrenely sensitive to fuel-air ratio
so they do not require sophisticated carburetion systens.
Oxi dation catal ysts are not effective in reducing NOx em ssi ons.

2. Three-Way Catal ysts

Three-way catal ytic converters go beyond the oxidation
catal yst's capabilities by utilizing the exhaust stream HCs, CO
and NOx for the simultaneous oxidation-reduction reactions that
convert all three pollutants to water, CO, and nitrogen (N,).
The catal yst's conversion efficiency is strongly affected by the
presence of excess oxygen or hydrocarbons so that tight control
of the mxture ratio to maintain it near stoichionetric is
essential. In nore detail, the conversion efficiency can be
inproved if the mxture is periodically varied between slightly
rich of stoichionetric and slightly |lean of stoichionetric. Such
intricate requirenents demand a cl osed-| oop control system

A variation on the concept of the TWC is the dual - bed
catalyst. This actually consists of two catalytic converters in
series. The first conducts the reduction reactions between NOx
and HCs and CO. The second is an oxidation catalyst utilizing
air injection to conplete the oxidation of any remaining HCs and
CO Dual catalysts do not require stoichionetric operation |ike
TWCs, and can operate well under rich mxture ratio conditions,
at the expense of increased cost and conplexity.

3. Cat al yst |ssues

Catal ytic converters for use in LSl engines will have sone
of the sanme issues associated with themas do converters used in
aut onobi | es, plus sone that are unique to individua
appl i cations.

TWCs for autonobiles generally cost in the range of $100 to
about $300 retail for replacenment units. During the recent
devel opment of ARB's snmall off-road engine regul ations, prices of
the small, lowefficiency converters for such engi nes were
estimated to be around $25 each. For LSl applications, it is
generally anticipated that use of autonotive-type converters is
feasible, which wll help keep the costs to acceptable |evels.
However, it is possible that special applications could result in
the need for a custom converter which could not take advantage of
t he high volune cost reductions associated with autonotive
applications. This could result in rare instances of high
converter cost.

A maj or question that always arises during contenplation of
new applications for catalytic converters is that of durability.
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Converters are subject to high tenperatures in nornmal operation
(1000€F and higher), rapid tenperature transients, catalyst

poi sons (primarily | ead anti-knock fuel additives and
phosphorous- and zi nc-based lubricating oil additives, the latter
two of which actually "mask" rather than poison the catalyst),
and a potentially high vibration environment. In addition,
excessi ve exhaust hydrocarbons for prol onged periods (e.qg.,
resulting frompersistent msfire or overly-rich mxture ratios)
can lead to abnormally high catal yst tenperatures. |In the past,
any conbi nation of one or nore of these conditions has tended to
|l ead to catal yst deactivation or destruction, with the attendant
| oss of em ssion control. However, catalyst manufacturers have
continued to research and devel op better and nore durable

catal ytic converters to overcone these problens, and nmuch
progress has been made in just the last two to three years. For
i nstance:

| nproved ceram ¢ substrates provide inproved
tol erance to long-termhigh tenperatures and

vi bration, and new netallic substrates are even
better than the ceram cs (though sonmewhat nore
expensive);

Better matting design and materials (e.g., ceramc
fibers) also provide greatly inproved vibration
resi st ance;

Larger washcoat pore size, in conbination with
cal cium based oil additives, allow masking
substances to remain on the surface w thout

hi nderi ng the gaseous diffusion of target
pollutants to active catalyst sites. Therefore,
nodern catal ysts continue to function properly
wi th high exposure to oil additives (even high
oi | -consunption two stroke engi nes have been
successful ly equi pped with nodern catal ytic
converters);

And, of course, the nore traditional approach to
poi soni ng probl ens, greater catalyst |oading
(essentially a bigger catalytic converter) is
still avail able.

Many current LSI engine installations require |ocating the
engine in a very small engine conpartnent, often subject to high
tenperatures and flamuable materials. For exanple, many current
turf care equi pnent designs, such as those for golf course
nmowers, do not have a | ot of engine conpartnment room avail abl e
for additional conponents. They also are subject to grass
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clippings that can becone packed around engi ne conponents. As
anot her exanple, fork |ifts used in paper recycling facilities
are subject to paper scraps and dust that can |odge and build up
around engi ne conponents. In such cases there is the constant
danger of these materials igniting upon exposure to potentially
hi gh tenperature exhaust conponents |ike catalytic converters.

Because of these packagi ng problens, the installation of
catalytic converters wthin a vehicle or equi pnent can pose
speci al challenges. (As discussed previously, many narkets
demand t hat equi pnent be certified by UL as to fire hazard,
especially wwth regard to high tenperature engi ne conponents.)
But staff is confident that solutions are available for nost, if
not all, of these packaging issues. Several catalyst
manuf acturers, such as Engel hard and Degussa, have becone very
adept at conbining converters and nufflers into single units that
each occupy no nore volune than a conventional nuffler. Thermally
insul ating converters reduces the potential for excessively high
surface tenperatures. Judicious engineering of the engine
installation can provide sufficient roomto | ocate converters
away fromany potential flamable materials. Finally, the use of
el ectronic engine controls and ignition systens will greatly
reduce the incidence of converter overtenperature incidents due
to msfire or excessively rich m xtures.

F. Fuel Econony

Staff expects that the proposed standards can be net through
the use of three-way catalytic converters and el ectroni c engi ne
controls, including closed-loop fuel injection and electronic
ignition systens. Electronic engine controls in |large part have
been responsible for the great inprovenents in autonotive fuel
econony over the past two to three decades, as evidenced by both
passenger car and heavy-duty vehicle inprovenents. Staff expects
this side benefit will also be present for many
em ssion-controlled LSl engines.

Manuf acturers of gasoline-fueled LSI engines currently tend
to calibrate those engi nes sonewhat rich of stoichionetric,
usually to inprove transient throttle response. Rich m xture
operation usually results in higher than necessary fuel
consunption. As these engines age and wear, the tendency is for
their mxture ratios to becone even richer. Electronic engine
controls woul d operate these engines at near-stoichionetric
ratios for the duration of their useful lives, while also
mai nt ai ni ng adequate operability. This will result not only in
reduced em ssions, but also in enhanced fuel econony, potentially
on the order of five to 15 percent. This benefit would be
mai nt ai ned over the useful |ife of the engine.
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Current LPG fueled LSI engines are generally calibrated by
their manufacturers to operate |ean of stoichionetric for
i nproved CO em ssions control. Therefore the initial inpact of
el ectronically-controll ed stoichionetric mxtures on the fue
econony of such engines would be to noderately increase fue
consunption. However, industry representatives have noted to us
that typical practice for equi pnment deal ers and operators is to
significantly enrichen the m xture settings of new vehicles and
equi pnent in order to inprove operability. Modern electronic
control systens would renove this tanper incentive by maintaining
vehicle operability w thout excessive enrichnent. This would
result in fuel econony inprovenent over current engi nes as
actually used in the field. Again, electronic controls would
mai ntain the proper mxture ratio performance over the useful
life of the engine, avoiding enrichment that occurs in current
engi nes due to wear of the fuel system

I11. Actual Engine Em ssions

ARB is currently sponsoring a study by Sout hwest Research
Institute (SWRI) to devel op a baseline data set for em ssions
fromexisting LSl engines and to quantify the potential for
em ssion reductions using appropriate technol ogies. For the
|atter task, the enphasis is on autonotive style TWCs with
cl osed-1 oop fuel delivery. SwRl has al so hosted neetings by a
Techni cal Advisory Commttee (TAC) which was charged with
provi ding technical information and support for several key tasks
during the study. The TAC consisted of representatives from
several engine, equi pnent and conponent manufacturers as well as
representatives fromindustry and ARB staff. Though the study is
still ongoing, SwWRI has provided ARB with an interimreport.

Much of the follow ng discussion is based on information from
that report.

A Test Cycl es

The test cycle used to neasure an engi ne's em ssions nust be
representative to an acceptabl e degree of how that engine is used
inthe field. Only then can conparisons to a common standard be
meani ngful , and the data be used for em ssions inventory
cal cul ations. For the LSI category of engines, there are many
different engi ne nodels, applications and duty cycles and it
woul d be inpossible to devel op individual test cycles for all of
them or one test cycle that perfectly represents the entire
category. However, it is useful to divide the LSI engine
category applications into two types of duty cycle: 1) vehicular
applications that operate under many different conbinations of
engi ne | oad and speed (e.g., forklifts, airport ground support
equi pnent, and turf care equi pnent) but rarely spend nmuch tine
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near peak | oad and speed; and 2) constant speed applications that
typically operate at one speed, near full load with only noderate
| oad changes (e.g.,generator sets, irrigation punps, and
refrigeration units)

The International Standards Organization (1SO has devel oped
and published the 1SO 8178 standard, a set of standardi zed test
cycles for em ssion testing of different types of non-road
engi nes. Each test cycle nomnally consists of an el even node
test. A test engine is run in each node (at a specified speed
and torque) and its em ssion rates are neasured, and then a
wei ghting factor is applied to each node for determning a
conposite em ssions nunber. The test cycles recommended and
accepted by the TAC as being nost applicable are the | SO 8178-C2
cycle for vehicular applications, and | SO 8178-D2 for steady
state applications. In addition, several engine manufacturers
approached ARB directly about allow ng the use of the |1 SO 8178-CGl
test cycle for smaller engines used in equipnent |ike | awn and
turf care equipnent, with less idle time than the other cycles
account for. Table 1, below, gives the weighting factors for
t hese three cycles (a dash indicates that base node is not used
for that particular cycle.) For the nost part, each of these
test cycles use those nodes nost appropriate to the type of
application represented.

Table 1 - Weighting Factors of |SO 8178 -C2, -D2 and -Gl Test
Cycl es
Base Mode 1 2 3 4 5 6 7 8 9 10 11
Torque (% | 100 75 50 25 10 | 100 75 50 25 10 0
Speed Rat ed I nternedi ate Idle
-C2
(vehi cul ar) - - - 06 - 02 05| .32 30 10 15
-D2
(constant | .05 .25 | .30 .30 .10 - - - - - -
speed)
-Gl
(small, ) ) ) ) )
const ant 09 20 29 30 07 05
speed)
Not es: Rat ed speed is that speed at which the engine develops its

rated power, as specified by the manufacturer
Torque is specified as a percentage of the maxi numtorque
avai | abl e at that speed.
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Intermedi ate speed is that speed in the range from 60%to
75% of rated speed, at which the engi ne devel ops the
hi ghest torque | evel.

Concern was rai sed by TAC nenbers about the effects of
engi ne governors on em ssions testing using the |SO standard.
For exanpl e, depending on the individual case, an engine's
governor may be set such that the engine will not run at or near
its ungoverned rated speed. Also, many engines are used with
many different governors, which could necessitate the burdensone
testing of each engi ne/ governor conbination. One nenber
suggested that the -C2 cycle be nodified to redefine rated speed
as the governed speed, and internedi ate speed as 50% of governed
speed. Also recomended were changes to the -C2 cycle weighting
factors to nore closely reflect the mlitary's standard forklift
eval uation test course, ML-STD 268C. However, none of the other
TAC nenbers were supportive of such proposed nodifications.

B. Uncontrol |l ed En ssions Level s

Fi ve engi nes were donated by four different manufacturers
for use in the SWRI study, on condition that results for each
engi ne be nade available to the engine's manufacturer, and that
each manufacturer's confidentiality be maintained. SwRl also
reviewed em ssions test data from previ ous studies and i ncl uded
the appropriate results in their report. The engines range in
di spl acenment from2.0 liters to alnost 8 liters, fromjust under
40 horsepower to over 200 horsepower, and are typically found in
forklift, industrial and other various applications, dependi ng on
the specific engine nodel. Table 2 presents these em ssion test
results.
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Table 2 - Uncontrolled Engine Emissions Test Data (Baseline) (g/bhp-hr) BSFC
Engine ID [Cycle| Fuel HC | CO | NOx |HC+NOx Remarks (Ibs/hp-hr)

A -C2 Jgasoline | 1.69]20.1] 12.0 13.69|Avg. of 2 tests (current project) 0.554

B -C2 Jgasoline | 1.49]16.3] 8.3 9.79]Avg. of 2 tests (current project) 0.579

B -C2 |LPG 0.94|7.37| 11.7 12.64|Avg. of 2 tests (current project) 0.526

C -C2 Jgasoline | 3.81]50.7] 7.7 11.51|Avg. of 2 tests (current project) 0.616

C -C2 |LPG 1.70/8.80] 11.5 13.2JAvg. of 2 tests (current project) 0.540

D -C2 Jgasoline | 3.99| 124 5.4 9.39]Avg. of 2 tests (current project) 0.671

D -D2 |LPG 0.89] 2.1] 9.9 10.79]Avg. of 2 tests (current project) 0.455

E -C2 Jgasoline | 18.7]684] 1.1 19.8JAvg. of 2 tests (current project) 1.43

E -D2 Jgasoline | 10.7)479] 1.7 12.4}Avg. of 2 tests (current project) 1.10

40hp lift truck| -C2 |LPG 1.17|5.74] 13.8 14.97|Avg. of two tests (previous project) n/a

F -C2 Jgasoline | 3.23]49.9] 13.7 16.93|Avg. of 3 different carburetors (previous project) Jn/a

F -C2 |LPG 2.90] 141} 4.93 7.83|Single test (previous project) n/a

G -C2 |LPG 2.28|27.3|] 15.4 17.68|Avg. of 2 tests (fuel system x) (previous project) |n/a

G -C2 |LPG 1.88|5.32]16.73 18.61 AVg. of 2 tests (fuel system y) (previous project) |n/a
average both |both 3.96] 116| 9.56 13.52|straight, non-weighted average

Not e: i ndi vi dual

engines identified by letter designation only, to preserve
manuf acturer confidentiality

The engi nes which were tested under the -C2 cycle are
primarily used to power forklifts or simlar vehicles. Those
tested under the -D2 cycle are primarily used in constant speed
Two engi nes were tested on both the -C2 and -D2
cycles since they have applications appropriate to both test
cycles, and also to provide a conparison between cycles. Several
engi nes were tested in both gasoline and LPG configurations, for
conpari son purposes and because they have application in both

applicati

forns.

ons.

Finally,

rich fuel-air
tradeof f di scussed previously).
al so had a brake specific fuel

excessively rich operation.

engi ne E shows the excessively high HC and CO
em ssions and | ow NOx em ssions characteristic of an excessively
m xture setting (this is the classic NOx-HC

As shown in Table 2, engine E

consunption (BSFC) roughly two to
three tines higher than the other engines had, also indicating

Care nust be used when including

data fromengine E while sunmarizing test results, to avoid
and one al so should keep in mnd that it is
a | ow sal es vol une engi ne.

skewi ng the results,

Em ssion test
presented in Table 3, bel ow.
lives up to its reputation as a better
reduced CO em ssions.

over gasoli ne.

result averages for each of the two fuels are

This tabl e shows that LPG fuel

i ndoor fuel in terns of

HC em ssions are also |lower for LPG fuel
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note that LPG shows hi gher NOx em ssions and hi gher conbi ned
NOx+HC em ssi ons than gasoline shows.

Table 3 - Test Result Averages by Fuel
Fuel Test Engine ID | HC CO NOx NOx + HC
Cycl e

gasoline |-C2 A B CDF 2.84 |52.2 |9.42 |12.3

LPG -C2 B, C, D, 1.81(32.6 |12.3]|14.2
40hp lift
truck,
F,G G

Note: Engine E test results excl uded

Only two engines were tested on both the -C2 and -D2 cycl es
(none were tested on the -Gl cycle.) The results of these tests
are conpared in Table 4.

Table 4 - Test Cycle Conparisons

Test Fuel Engi ne | HC CO NOx NOx +
Cycl e I D HC
-C2 gasoline |E 18.7 | 684 1.1 19.8
- D2 gasoline |E 10.7 | 479 1.7 12. 4
-C2 gasoline |D 3.99 | 124 5.4 9.39
-D2 LPG D 0.89 | 2.1 9.9 10. 79

Conparison of the two cycles fromthese tests is difficult
since one of themwas run wth engine E and its exceptionally
rich operation, while the other was run with engine D but on two
di fferent fuels. But the higher level of engine E NOx em ssions
on the -D2 cycle vs. the -C2 cycle seens to follow fromthe
enphasis of cycle -D2 on higher speeds and noderately higher
| oadi ng (renmenbering that NOx generally increases as an engine
becones nore highly loaded.) The difference in engine E's NOx+HC
nunbers al so verifies that an engine's em ssions are strongly
related to howit is tested (which in turn is intended to reflect
how an engine is used). This latter observation supports the
decision to use two different cycles for LSI engine em ssion
testing, rather than attenpting to test all engines for al
applications wwth only a single cycle.
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C. Potential Effective Em ssion Controls

The initial enphasis in the SWRI project included the
eval uation of three-way catal yst systens as an effective em ssion
control. TWCs were a |logical choice for initial investigation
because of their highly successful application to autonotive
em ssions control, and the simlarity and autonotive background
of many LS| engines.

SWRI exam ned three major TWC research projects for off-road
LSI engines, two fromtheir own experience and one froma
Canadi an producer of TWC equi pnrent. Two of the engi nes were
operated on LPG one on gasoline, and all were equi pped with TWCs
and the necessary cl osed-loop fuel controls. Conpared to their
previ ously uncontrol |l ed configurations, the average em ssion
reductions achi eved fromthese engines for HC, CO and NOx were 90
percent, 97 percent and 77 percent, respectively. If one assunes
that these average reductions are typical of what can be obtained
for the average engine of Table 2, the potential average em ssion
| evel s that can be obtained wwth TWC technol ogy are shown in
Tabl e 5.

Table 5 - Potential Em ssion Reductions with TWC
Technol ogy
HC CO NOX NOx + HC
average of Table 1 em ssions | 3.96 115.8 9.56 | 13.52
(g/ bhp-hr)
typical TWC reductions (% 90 97 77 -
estimted controlled 0. 40 3. 47 2.20 | 2.60
em ssi ons (g/bhp-hr)

Note that these controlled em ssion levels are significantly
bel ow t he proposed standards, indicating the feasibility of those
em ssion standards. It is apparent fromthis testing that TWCs
can be used to achieve significant em ssion reductions.

SWRI was al so tasked with exam ning options for a | ow cost
alternative technol ogy or conbination of such technol ogi es not
utilizing TWCs. These alternative technol ogi es include better
carburetion (open and cl osed-loop), EGR ignition timng retard,
exhaust systemair injection, and sel ected conbinations. Based
on past experience, SWRl estimated that the best em ssion
reductions without using a TWC could cone froma conbi nati on of
timng retard, m xture enl eannent and i nproved carburetion
(though still open-1loop), EGR, exhaust air injection and an
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oxi dation catalytic converter. SwRl estimted em ssion
reductions for such a systemon a typical engi ne would be around
80 percent for HCs and 60 percent for NOx. However, these
reductions fall short of the potential achievenents of a good TWC
system could have significant operability and fuel econony

i npacts, and could lead to a conplexity and perhaps cost equal to
or greater than those of the TWC system Therefore, further

devel opnment of an alternative systemwas not pursued during the
st udy.

D. Three-Way Cat al yst Denonstration Testing

The planning for the next phase of the SwRl project includes
installation of conplete catalytic converter and cl osed-1|oop fuel
systens onto two engines selected fromthose listed in Table 2,
"zero-hour" em ssion neasurenent testing, in-use durability
runti me accumnul ation, and deterioration factor em ssion testing.
Thi s phase has already begun with sel ection of one gasoline-
fuel ed engi ne and one LPG fuel ed engine, and installation of
appropriate systens on each.

Zer o- hour em ssion testing has been conducted with very
little accunul ated tinme on the engine or on the added hardware,
ot her than fuel systemcalibration tinme and catal yst degreening
time. In-use runtinme accunul ation involves installation of each
engine in an application typical of howit is comercially used,
for a total of approximately 250 service hours before retesting.
The difference between the pre- and post- accumul ation testing
results is an indication of the durability of the installed
em ssion control equipnent.

1. Engi ne B Zero-hour Test Results

SWRI has installed an off-the-shelf autonotive catalytic
converter and an I npco cl osed-1oop m xer systemonto a typical
forklift engine for operation on LPG fuel. This is engine B of
Tabl e 2, which was previously baseline tested for em ssions on
the -C2 cycle. Approximately six test runs were nmade to
determ ne the effects on em ssions of adjustnents to the various
fuel systemcalibration paraneters, and to optim ze those
paranmeters for m ni num exhaust em ssions. All testing for this
engi ne during this phase of the project was conducted on the -C2
cycle. Table 6 shows the results of the zero-hour testing with
this lowtinme (about 80 hours) engine, using the final set of
fuel systemcalibration paraneter val ues.
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Table 6 - TWC Denonstration Zero-Hour Test Results, Engine B
Engi ne &ecs]te Fuel HC | CO | NOx |[NOx+HC| BSFC |Comment s

Basel i ne eni ssion |evels

B -C2 LPG 0.94 |7.37]11. 7| 12.64 | 0. 526 (uncontrol | ed, see Table 2)
Cl osed- | oop, autonotive TWC, 4

B -C2 LPG 0.09]2.110.01] 0.10 |0.558 |- " "¢ degreen time

%
reduction |90-4[71.5[99.9] 99.2 |-6.08

Note that the inpressive percentage reductions shown here

for NOx and HCs equal

or exceed those presented in Table 5 (which

were based on the average of a brief survey of previous test
results.) Wile the CO percentage reduction is sonmewhat |ess

than that presented in Table 5,
pollutants are still

system However,

af fect the em ssion control

reductions of all three
quite inpressive for an off-the-shelf

one nust keep in mnd that this is for a fresh
engi ne and catalyst, and it remains to be seen how aging w ||

system perfor mance.

Unfortunately, the fuel consunption of the engine showed a
as shown by the BSFC nunbers in Table 6. This
ef fect was expected for a conparison nade to a new LPG engi ne
with factory calibration. However
is expected that the nodified engi ne woul d show fuel econony
benefits if conpared to an in-use engi ne whose m xture ratio has

nmoder at e i ncrease,

been tanpered with or

2.

as di scussed previously, it

has deteriorated over time.

Engine B Deterioration Factor Test Results

This engine is currently being installed in an operating
forklift at SWRI's facilities for operating tinme accunul ati on.
Upon accunul ati on of 250 hours of operation, it will be renoved
and retested for em ssions performance deterioration in the near

future.

3.

Engi ne E Zero-hour Test Results

Engi ne E was chosen fromthe gasoline engines listed in
Table 2 as being a worst case engine in terns of emssions. It
is an air-cool ed,
manuf acturer to run rich under al
tenperature control purposes. The rationale for selecting this
engine for nodification and testing is that if it can be equi pped

to neet the proposed standards,

si de val ve engi ne,

condi ti

i nprove the em ssions from al nost any LSI

calibrated by the

ons for conbustion

then it should be possible to

engi ne.

SWRI has equi pped this engine with several pieces of

equi pnent for

reducing its em ssions.
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Engi ne Control (TEC) fuel control system provided by

El ectronotive Corporation, which has both open- and cl osed-| ooped
fuel control capabilities as well as ignition systemcontro
capability. The TEC controller drives an off-the-shelf
autonotive throttle body injector system A dual-bed catal yst
approach is used. The first catalyst carries out the NOx
reduction reactions and the second catal yst conducts HC and CO
oxidation. An engine driven air punp injects air into the
exhaust fl ow between the two converters to supply the oxidation
reactions.

SWRI has calibrated the control systemto supply a
stoichionetric mxture ratio, under closed-loop control, at |ow
and nmedium | oad conditions. The system operates open-|oop, and
is calibrated to supply a rich m xture, under high | oad
conditions to avoid cylinder head maxi numtenperature constraints
(the cylinder head tenperature is an indicator of when the fuel-
air mxture burns sufficiently cool to avoid engi ne damage).
Table 7 presents the zero-hour em ssion test results.

Table 7 - TWC Denonstration Zero-Hour Test Results, Engine E

Engi ne &ecs]te Fuel HC | CO | NOx | NOx+HC | BSFC |[Comment s

. Basel i ne em ssion | evels
B -D2 |gasoline |10.7]|479|1.70] 12.4 | 1.10 (uncontrol l ed, see Table 2)

-D2 |gasoline |0.25] 26 |1.83| 2.08 |0.927|Cl osed-| oop, catal yst

%
reductionl®? 7P4 6|-7-6] 83.2 |15.7

These data show that the nodifications nade to this engine
are capabl e of providing significant em ssion reductions.
Because this engine runs very rich in its baseline configuration,
it is not surprising that the nodified configuration, with its
enphasis on stoichionmetric operation, shows a noderate increase
in NOx | evels. However, the conbi ned NOX+NVHC | evel s are wel |
bel ow the | evel of the proposed standard, denonstrating the
feasibility of neeting the proposed standard with even the | east
cl ean of current engines. An added benefit is the major
i nprovenent in fuel consunption, which could go far towards
of fsetting the cost of the control conponents.

4. Engine E Deterioration Factor Test Results

Thi s engine, including the em ssion control equipnent
descri bed above, will presently be installed in an irrigation
wat er punp for operating tinme accumul ation. Upon accrual of 250
hours of operation, it will be renoved and retested for em ssions
performance deterioration
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V. Summary and Concl usi ons

The | arge spark-ignition engine category contains a w de
array of engine types, fuels, configurations and applications.
LSI engines can: be single- or nmulti-cylinder; operate on LPG
CNG or gasoline; be air-cooled or water-cool ed; range from 25
horsepower to several hundred; be used in high | oad/steady speed
applications |ike generator sets, or variable speed and | oad
vehi cul ar equi pnent like forklifts; be of nodern overhead val ve
design or older side valve configuration; and so forth. Because
of this large variety, one m ght expect that many different
approaches woul d be needed to reduce their em ssions. However,
ARB staff have considered the technol ogies avail abl e and al so
consulted with an experienced contractor for its opinion on the
best way to reduce LSI engine em ssions, and to what |evel these
em ssions can be practically reduced. As a result, staff has
concluded that, in nost cases, the use of electronic engine
controls and catal ytic converters, properly applied and
engi neered, can be made to reduce LSI engine em ssions
sufficiently to neet the proposed standards.
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